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1Analysis of Hollow Circular Polymer Waveguides at
Millimeter Wavelengths
Alexander Standaert, Student Member, IEEE, Patrick Reynaert, Senior Member
Abstract—Research in millimeter dielectric waveguides is ex-
periencing a growing interest for data communication and sensor
systems. This paper fully analyses the properties of the HE11
mode in hollow fibers. It will provide a theoretical background
that can then be used to choose an appropriate channel for a
dielectric waveguide system. The focus of this paper will primar-
ily lay in linking properties like propagation constant, dispersion
and attenuation with the geometry and frequency. Secondly due
to the small cladding’s allowed in practical millimeter wave
fibers, evaluating power leaking out of the fiber by means of
the evanescent field is addressed. Finally all theory is extensively
verified with measurements and both agree very well.
Index Terms—Dielectric waveguide, millimeter wave, coupling,
attenuation
I. INTRODUCTION
RECENTLY there is a growing interest in millimeter andSub-THz dielectric waveguides for data communications
[1]. This trend is mainly driven by the field of chip design.
Technology scaling has enabled RF chips to perform at higher
frequencies (100-300 GHz). These higher frequencies allow
dielectric waveguides to be scaled down to reasonable dimen-
sions (<10 mm). These dielectric waveguides show promising
properties such as low attenuation(1-5 dB m−1) and high band-
width for high speed communication (1-20 Gbs) [1]–[7].
Literature shows that, for short links like chip to chip or PCB
interconnects, square or ribbon waveguides are the preferred
topology [2] [3] [4]. This is mainly due to it’s polarization
maintaining properties or, in the case for a ribbon waveguide
with a high aspect ratio, its low attenuation [5]. [1] [6]
propose a round hollow waveguide as a channel which also
shows low attenuation properties. The round geometry eases
manufacturing and is more practical in use than a wide ribbon.
The previously mentioned papers approach the channel from
an experimental standpoint. The first theoretical analyses on
hollow dielectric waveguides were done already between the
1930’s and 1970’s [8] [9] [10]. Although they explain how to
calculate various modes in a hollow fiber, they don’t provide
insight in how the geometry and the frequency relate to various
properties like attenuation and dispersion.
In this paper, a thorough analysis is done on the properties
of the HE11 mode in a hollow circular waveguide. In the
first section the effective index is studied as was done in
[11], this in function of the inside radius, outside radius and
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frequency. In the second and third sections the work from [11]
is expanded by discussing how these parameters influence the
dispersion and attenuation in the fiber. Finally, power leaking
out of a waveguide due to coupling is discussed. This last
section shows a very important difference between millimeter
wave dielectric waveguides and optical waveguides. Optical
waveguides have a cladding which is very large compared to
the core. In millimeter waveguides the overall diameter is to
be kept as small as possible (<10 mm), leaving little room
for the cladding. When the cladding is taken too small, power
can be coupled out by means of the evanescent field. This
is very dependent on the environment. In this paper, coupling
between fibers and coupling between a fiber and a semi-infinite
dielectric space is discussed.
II. PROPAGATION CONSTANT
The starting point on an analysis of a dielectric waveguide
is the propagation constant. In this case a circular hollow
waveguide is considered with an inside radius rin and an
outside radius rout. The tube material has a permittivity r and
the material both inside and outside the tube is assumed to be
identical and with a relative permittivity of 1. In this part of the
analysis all materials are assumed lossless. Later in section IV,
losses are considered. A dielectric tube waveguide supports a
dominant mode HE11 theoretically without a cutoff frequency
[10]. However it should be pointed out that as the frequency
decreases for a given waveguide, the losses due to bending
become so dominant that the waveguide will be rendered
useless. At a given frequency, the propagation constant of a
hollow waveguide with given inside and outside radius can be
found using the wave equation in cylindrical coordinates (1).[
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where
p2 = ω2µ0− β2
The solution of this differential equation leads to the axial
fields (Ez and Hz) and the propagation constant β. It can
be divided into an azimuthal and a radial solution [10]. The
azimuthal solution is the circular angular function ejnθ. The
radial solution should be a linear combination of Bessel
functions and Neumann functions as these are the solution
to Bessel’s differential equation. An appropriate combination
of these solutions should be chosen in each region of the
fiber in order to be able to satisfy the boundary conditions.
[10] suggests to take the axial electrical fields in the different
regions in the fiber as follows:
2Region 1: 0 < r < rin
E(1)z = C1Jn(p1r)e
jnθ (2)
Region 2: rin < r < rout
E(2)z = C2Jn(p2r)e
jnθ +D2Yn(p2r)ejnθ (3)
Region 3: rout < r
E(3)z = GKn(qr)e
jnθ (4)
The tangential fields are obtained by filling in the axial
fields in Maxwell’s curl equations. At the boundary between
plastic and air the tangential fields should be continuous.
This constraint leads to a set of 8 equations and 8 unknowns.
Setting the determinant of the system of equations equal
to zero, leads to the non-trivial solutions. As the material
parameters are lossless, the real solutions to this characteristic
equation are the propagation constants of guided modes.
Taking the order n of the Bessel functions equal to one results
in various HE1m modes. The solution with the highest value
corresponds to the HE11 mode. The effective index can then
be defined as β/k0, with k0 being the freespace propagation
constant.
These equations were implemented in MATLAB R© and
verified with HFSS EM field simulator. An extensive sweep
was performed on the inside and outside radiuses (0-10 mm)
and the frequency (10-300 GHz). The tube material properties
and cladding material properties were kept constant. The
relative permittivity of the tube was taken to be 2.1 to
correspond to that of PTFE (Teflon). For the cladding vacuum
was taken, with a relative permittivity of 1. By normalising
the geometry with the wavelength, the results of the sweep
can be shown in one figure. Fig. 1 shows the effective index
in function of rin/λ0 and rout/λ0. As in the simulations,
the inside radius was always taken to be smaller than the
outside radius, the gray zone in the upper left corner of the
figure is thus a meaningless area. The change of effective
index for a given geometry in function of the frequency is
as follows: For a frequency equal to zero, one is located in
the origin of the graph. The effective index is then 1, which
means the HE11 mode is traveling at the speed as a plane
wave in vacuum. As the frequency increases, the effective
index increases following a line with a slope of rin/rout in
the rin/λ0, rout/λ0 plane. On Fig. 1 one can quickly see
that the fibers that have a small rin/rout ratio (e.g. line A),
have a bigger increase in effective index than fibers with
a big rin/rout ratio (e.g. line C), for the same increase in
frequency. Another way to look at this graph is as follows.
Given a fixed rout/λ0 ratio, a fiber with a small rin/λ0 ratio
(more solid fiber) will have a higher effective index then a
fiber with a big rin/λ0 ratio (more hollow fiber). Lines A−C
on Fig. 1 represent different rin/rout ratios, later fibers with
the same rin/rout ratios will be measured and verified with
the theory.
The previously described model can be verified by
measuring the effective wavelength. The effective index
r
rout
in
Fig. 1. Relationship between neff , rin, rout, λ. Lines A - C represent the
frequency behavior if the rin/rout ratio is fixed. The rin/rout ratio of line
A is 1/3. the ratio of line B is 1/2 and the ratio of line C is 2/3.
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Fig. 2. Measurement setup for effective wavelength
can be calculated from the effective wavelength with the
following equation (5).
neff =
β
k0
=
c0
ν
=
c0
freq ∗ λeff (5)
where
c0 Speed of light in vacuum
ν Effective speed of the mode in the fiber
freq Frequency of the wave in the fiber
λeff Effective wavelength of the mode in the fiber
The effective wavelength can be measured by means of
a measurement setup similar as in [12]. As can be seen on
Fig. 2 a fiber is placed in front of the waveport of a VNA,
thus coupling a wave in the fiber but also causing a reflection
back to the VNA. Then along the length of the fiber a metal
sheet is held against the fiber. This causes a second reflection
back to the VNA due to the fact that a mode propagating in
a dielectric waveguide has a field inside and outside the fiber
core. These two reflections will interfere with each other.
This interference can be constructive or destructive depending
on the position of the metal plate. When the metal sheet is
moved along the length of the fiber, the distance it should
travel between two consecutive constructive/destructive
interference maxima/minima is half a effective wavelength.
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Fig. 3. (a) Measured reflected power at 120GHz in function of the relative
position of the metal sheet. The distance between 2 peaks/dips is half an
effective wavelength. (b) Distribution of the measured effective wavelengths
(blue) compared to simulated effective wavelengths (red) of the first 3 modes.
In the measurements a R&S R© ZVA VNA was used with
frequency extenders enabeling a frequency range from
60 GHz to 220 GHz in descrete frequency bands. The ends
of the measured fibers were held directly in front of the
rectangular waveguide port of the frequency extenders. This
setup doesn’t have an optimal coupling in terms of power,
but it avoids having more then 2 reflections going back in
the waveport of the VNA which would ruin the experiment.
Due to the evanscent field of the fiber, touching it would
comprimise the measurement. Ultra low desity foam strips
were thus used to assist with the positioning. Fig. 3a shows
the reflected power received at the VNA as a function of
the relative traveling distance of the metal sheet. The fiber
used in this measurement has an inside radius of 0.5 mm,
and outside radius of 1 mm and the frequency was 120 GHz.
The fiber material was PTFE and the metal sheet was moved
in increments of 10 µm. This leads to a resolution of 20 µm
for the effective wavelength. As can be seen on the Fig. (3a),
there are multiple constructive and destructive interferences.
By calculating the distances between each one, a distribution
can be made for the effective wavelength. Fig. 3b shows this
distribution compared to simulated effective wavelengths of
the first few modes in the measured fiber. It is clear that
the measured effective wavelengths correspond to the HE11
mode. Note that this fiber at the measured frequency only
has one guided mode as the TE and TM mode are close to
their cutoff frequency. Therefore their effective wavelength is
near the free space wavelength (2.5mm).
The previous experiment was carried out on several different
fibers. The dimensions of these fibers were chosen in such a
way that their rin/rout ratios corresponded with the rin/rout
ratio of one of the lines A − C. Fig. 4 shows the effective
indexes calculated from measured effective wavelengths
versus the simulated results. Several things of interest should
Fig. 4. Measured neff vs simulated neff . Lines A - C represent the
frequency behavior if the rin/rout ratio is fixed. The rin/rout ratio of line
A is 1/3. the ratio of line B is 1/2 and the ratio of line C is 2/3.
be pointed out in this figure. Firstly it is also clear from
measurements that fibers with a smaller rin/rout ratio (e.g.
line A) have a steeper ascend in effective index than fibers
with a bigger rin/rout ratio (e.g. line B). Secondly, as the
frequency increases for a given fiber, it is possible that more
than one mode will be excited. This explains the discrepancy
of the fiber with rin=0.75 mm and rout=1.5 mm. At first
it follows the simulated curve quite well until a rout/λ0
value of 0.6. Afterwards the effective index drops quite a
bit. Compared to the simulated effective indexes of higher
order modes, it is highly probable that at that point the TM
mode was excited instead of the HE11 mode. Finally, it
should be pointed out that there were two fibers used which
had a rin/rout ratio of 0.5 (line B). Both fibers follow the
simulated line quite well, proving that the normalisation of
the geometry with the wavelength which was done earlier in
the section is valid.
III. DISPERSION
Dispersion is an important aspect in data communications.
In optical fibers lots of effort has been put into designing
optimal profiles [13] [14] [15] to reduce the dispersion in
fibers. In dielectric waveguides three types of dispersion are
usually considered. Waveguide dispersion, material dispersion
and modal dispersion. Waveguide dispersion is caused by
the nonlinear change of effective index of the propagating
wave over the frequencies. Material dispersion is an intrinsic
property of the dielectric, where the refractive index changes
along the frequencies. Finally modal dispersion only occurs
when multiple modes are propagating in the fiber, each at a
different speed. In this analysis modal dispersion and material
dispersion will be neglected. The motivation for neglecting the
former, is that we assume that a practical waveguide system
4Fig. 5. Relationship between the group-delay, rin, rout, λ. Lines A - C
represent the frequency behavior if the rin/rout ratio is fixed. The rin/rout
ratio of line A is 1/3. the ratio of line B is 1/2 and the ratio of line C is
2/3.
is propagating in single mode propagation. The motivation for
the latter is that along the frequency range of 100− 300GHz
the difference in refractive index of PTFE is orders of magni-
tude smaller compared to the change the effective index can
have. According to [16] the refractive index (nmat) of PTFE
will change from 1.4389 to 1.4386 whereas the effective index
(neff ) of a PTFE fiber with air cladding can change from 1
to approximately 1.43. From this we conclude that waveguide
dispersion will be the dominate source of dispersion in a bare
hollow core fiber.
Dispersion occurs because waves of different frequencies are
propagating at different group velocities. To analyse this the
more commonly used group-delay is studied, where a flatter
group-delay curve results in a less dispersive fiber. The group-
delay of a mode in a fiber can be calculated using (6)
τg =
dβ
dω
=
1
2pi
dβ
df
(6)
This equation was applied to the model presented in section
II and as proven in Appendix A, the group-delay can also
be written as function of rin/λ0 and rout/λ0. The resulting
relationship is plotted in Fig. 5. For a given fiber it is not
surprising that the group-delay increases as the frequency
increases up to a maximum after which it stays more or less
constant as the effective index also starts to saturate. The solid
blue curve in Fig. 5 shows the maximum group-delay. At this
point there is a minimum of dispersion. More solid fibers
(smaller rin/rout value) can achieve this point for a much
smaller rout/λ0 value than more hollow ones. It is unlikely
however that a lot of benefit will be gained at operating a
fiber at this maximum group-delay or zero dispersion point
as the fiber then also operates in multimode region resulting
in modal dispersion. The dotted blue line in Fig. 5 shows the
cutoff frequency of the TM mode. It is clear that this cutoff
precedes the maximum group-delay. As will be later shown
in measurements, it is unlikely that the TM mode will be
excited or coupled when it is close to its cutoff, but it still
is excited or coupled before maximum group-delay is reached.
The group-delay for fibers corresponding with lines A−C
were measured with a VNA which can automatically calculate
the group-delay based on the phase. The length of each fiber
was taken to be 1 m. From Fig. 6 it can be seen that the
simulated and measured group-delay correspond very well
with each other. A fiber with a small rin/rout value (e.g. line
A) saturates quickly to a more or less constant value. A mode
in a fiber propagates with a propagation constant between the
propagation constant of the core and cladding. Intuitively one
can see that the propagation in a solid core fiber (rin/rout
= 0) will develop quickly to the propagation constant of the
core with increasing frequency. This will have a near linear
relationship with the frequency. The group-delay will thus be
near constant. One can see on Fig. 6 that as the rout/λ0
increases, the measured fibers corresponding to line A and B
show some discrepancies compared to the simulation results.
It is suspected that the fiber is propagating in multimode
region but unlike as was with the effective index measurement
(Section II), no real proof can be shown for this suspicion.
Fig. 6. Measured group-delay (blue) vs simulated group-delay (red). The
vertical black lines indicate the cutoff frequency of the TM mode
IV. ATTENUATION
Attenuation is a very important parameter in any practical
application of dielectric waveguides. [1]–[6] report losses in
de range of 1-5 dB m−1 in frequency ranges of 60-220 GHz.
In this section the attenuation of a bare core hollow fiber will
be investigated. The theory of the loss of a dielectric fiber was
first developed by Elsasser [17] [18]. The formula to calculate
the loss can be found in (7)-(8). The underlying math relies on
a perturbation approach which assumes that the propagation
constant of the mode is independent on the loss tangent of the
material [10].
5Fig. 7. Relationship between R, rin, rout, λ. Lines A - C represent the
frequency behavior if the rin/rout ratio is fixed. The rin/rout ratio of line
A is 1/3. the ratio of line B is 1/2 and the ratio of line C is 2/3.
α = (4.343)
2pi r tanδ
λ0
R [dB/m] (7)
R =
∫ 2pi
0
∫ rout
rin
(E ·E∗)ρdρdθ∫ 2pi
0
∫∞
0
(EρHθ − EθHρ)ρdρdθ
(8)
(7), shows that the loss (α) in a dielectric waveguide is linearly
dependent on the frequency, the permittivity and loss tangent
of the dielectric. Further more it is linearly dependent on a
scalings factor R. This scaling factor takes into account the
relative energy inside the dielectric and can be calculated with
(8).
Fig. 7 shows the relationship between the geometry of the
hollow fiber, frequency and the scaling factor R. The results
Fig. 8. effective indexes and geometry for hollow fibers of 120GHz with
an attenuation of 2.3 dB m−1. The permittivity of the material is 2.1 and the
loss tangent is 3× 10−4
Fig. 9. Measured R vs simulated R
look very similar to those of the effective index. As with the
effective index, a fiber with a small rin/rout ratio, will have a
larger attenuation than a fiber with a large rin/rout ratio for a
given frequency. However the effective index and the scaling
factor R don’t entirely have a linear relationship between each
other. Empirical proof of this can be seen in Figure 8. Here
a number of fibers were designed with the same frequency
and the same attenuation but with different geometries. Fig.
8 shows the effective indexes for the different geometries, if
there were a linear relationship between the effective index
and the scaling factor R, all the effective indexes would have
the same value. Instead, we see that as the fibers get more
solid (smaller rout/λ) the effective index decreases. From this
we can conclude that it’s possible to achieve slightly lower
loss fibers when going for a hollow topology instead of a
solid one. To verify the presented model several PTFE fibers
were measured and the scalings factor R was calculated from
the attenuation. The loss tangent was taken to be 4 × 10−4
which is very close to the value reported in [16] at the same
frequencies. When measuring the attenuation, the coupling
between the VNA waveport and the fiber was achieved slightly
differently than done in the experiments of sections II and III.
In sections II and III it was important to have an accurate
phase reference plane, thats why the fiber was placed directly
in front of the waveport. When measuring attenuation, the
coupling losses are more important so these were minimized
by using a rectangular to circular waveguide section and a
standard circular horn antenna. The end of the fiber was then
inserted inside of the horn antenna. Aside from this, several
different lengths of fibers were measured to de-embed the
remaining coupling losses. Note that aside from improving the
coupling loss, the horn antenna also helps with the exitation
of the HE11 mode instead of higher order modes when the
fiber is in multimode region. From Fig. 9 it is clear that the
scalings factor R approaches a value of 1/
√
r when the wall
thickness or the frequency go to infinity. Then (7) reduces to
6the formula of the attenuation of a plane wave in a slightly
lossy dielectric medium [18]. The measured fibers in Fig. 9
correspond quite well with the simulated values. The fiber
which corresponds with line A, couldn’t be measured properly
due to a limited length (1.5m) which results in inaccurate
values after deembedding and the results were thus omitted.
V. COUPLING
When using a dielectric waveguide for data communica-
tions, the field outside the fiber should be protected from
outside disturbance. When something touches or is brought
in the proximity of a fiber, the perturbated field is not just
absorbed, it is coupled out of the fiber. In optical fibers
the field outside the core is protected from disturbance by
adding a glass material with a lower refractive index than the
core material, as a cladding around the core. The cladding
thickness of these fibers is several times the wavelength of the
light going through the core. As millimeter wave dielectric
waveguides don’t have this luxury, the cladding diameter
should be kept in the range of several millimeters in order
to have a practical fiber. As a consequence the effect of power
leaking out of the waveguide by means of the evanescent wave
outside the core should be studied so that the cladding diameter
can be designed as small as possible. This coupling of waves
is very dependent on the environment outside the fiber. In this
paper two situations are studied. The first is the coupling of
waves between fibers and the second is the coupling between
a fiber and a semi-infinite dielectric space. Especially the latter
is a very relevant and novel case study. The focus in this
section will mainly lie in finding accurate and fast simulation
techniques and verifying the theory with measurements. These
techniques can then be used to design or select a fiber with
appropriate cladding.
A. Coupling between fibers
Coupling between two dielectric waveguides is a problem
that has been around for many years [19] [20] [21]. In this
section we discuss the codirectional coupling between two
identical hollow circular waveguides. When two dielectric
waveguides are brought in to proximity of one another, several
effects take place. Firstly due to overlap of the evanescent field,
a mode coupling κ will take place. Secondly in the region
where the end face of one fiber is close to the other fiber, butt
coupling takes place. And finally due to the proximity of the
other fiber, the propagation constant of a mode will change.
The most common approach to compute the coupling between
fibers, is through coupled mode theory. Coupled mode theory
assumes the total electric field Etot is the sum of the scaled
electric fields Ei of the different modes as can be seen in (9).
Etot =
∑
n
Ai(z)Ei (9)
Important to notice is that the scaling factor Ai(z) of each
mode is dependent on the position z along the length of the
fiber. The scaling factor Ai changes as the modes exchange
power from one to an other. To know how much power is
exchanged, the coupled mode equations need to be solved [22].
VNA
Hollow PTFE fiber 
Spring 
seperation distance
VNA
Linear Stage
Fiber
Spring
Fig. 10. Measurement setup of the coupling between fibers. The fibers are
kept perfectly parallel to each other by means of springs. Power is coupled
into and out of the fiber by means of auxiliary fibers cut at an angle for
optimal coupling. The S21 is measured between the 2 waveports of the VNA
in function of the seperation distance which is defined as the distance between
the edges of the 2 coupled fibers.
When neglecting the butt coupling and change in propagation
constant, the coupled mode equations are reduced to (10a)-
(10b) for the case when only 2 waveguides are coupling with
eachother. The κ is the mode coupling coefficient, which
can be calculated with (11). In (11), E1 and E2 are the
electric fields in the the first and second waveguide and
H1 and H2 are the magnetic fields in the first and second
waveguide. tot is the relative permittivity profile of a cross
section which contains both waveguides where as 2 is the
relative permittivity profile of a cross section containing only
waveguide 2.
dA1
dz
= κ12A2e−j∆βz (10a)
dA2
dz
= κ21A1e−j∆βz (10b)
κ12 =
0ω
∫ ∫
(tot − 2)E∗1 ·E2dxdy∫ ∫
z · (E∗1 ×H1 +E2 ×H∗2)dxdy
(11)
As both waveguides are identical and we are assuming that
only the HE11 modes are coupling, ∆β in (10) becomes
zero. This phase matching condition assures that complete
power transfer can take place. Finally by assuming lossless
waveguides and the conservation of total power, the power
transfer solution to the coupled mode equations, become (12a)-
(12b).
P1 = cos2(κz) (12a)
P2 = sin2(κz) (12b)
Where P1 is the total power in waveguide 1 at position z
and P2 is the total power in waveguide 2 at position z.
The prediscussed equations ((10a)-(12b)) were implemented
in Matlab R© and compared to measurements.
Measuring the coupling between two fibers is quite challeng-
ing due to the fact that both fibers are flexible and that a
small variation in the separation distance can lead to a very
7big variation in the coupling loss. The measurement setup used
can be seen in Fig. 10. The first fiber is kept perfectly straight
by means of springs. it is excited by coupling a wave from the
VNA to a additional fiber which is cut at an angle and which
is held against the straight fiber. Some sticky tape is used to
mechanically hold the auxiliary fiber to the main fiber. At the
other side of the straight fiber the power is coupled out to the
VNA in the same way. The power is coupled into the fiber
from the VNA by inserting the fiber in circular horn antennas
which are connected to the the waveport of the VNA. The base
loss of this setup is around 10dB over the frequency range of
90-140 GHz. To study the cross coupling between 2 fibers, a
second fiber is brought in the proximity of the main (straight)
fiber. This second fiber is wrapped around four metal pins
with a diameter of 4mm and kept straight with an additional
spring. The position of the metal pins determines the coupling
length and the influence of the metal pins is ignored in the
simulations. The distance between the two fibers is controlled
by a linear stage and is varied in steps of 10 µm.
Fig. 11 shows the results of two fibers with inside radius of
0.5 mm and outside radius of 1 mm at a frequency of 91 GHz.
The chosen frequency is slightly lower than in the other
measurements, because the larger evanescent field results in
a more pronounced effect of the cross coupling. The coupling
length is 123 mm and the polarizations of the HE11 modes
are parallel to each other. Although the results of the coupled
mode theory and the measurements agree quite well, the
peaks and dips of minimum and maximum power transfer
occur at slightly different separation distances. The Coupled
mode theory as presented above neglects the butt coupling
and change in propagation constant. In order to improve the
accuracy of the simulations it was decided to take into account
the latter and this was done by analyzing the coupling through
mode matching theory.
Mode matching theory or Mode interference theory [22]
assumes that the total electric field is equal to the sum of
0 1 2 3 4 5
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Fig. 11. Measured and simulated results of two coupled fibers with an inside
radius of 0.5mm, an outside radius of 1mm and a coupling length of 123mm.
The frequency is 91GHz
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Fig. 12. Effective index of the odd and even mode of two coupled waveguides
in function of the separation distance.
the fields of scaled supermodes as described in (13).
Etot =
∑
n
AiEie
−jβiz (13)
Important to notice is that unlike in coupled mode theory, the
scaling factors Ai don’t change in function of the position
along the waveguide. Instead the phase and the profile of the
electric field of the super modes determine the amount of
power in each waveguide. In this section we assume all scaling
factors Ai to be equal to one. When only two waveguides
are in proximity of one another, the supermodes are generally
called the odd and even mode [23].
E1 when (βeven − βodd)z = k · 2pi (14a)
E2 when (βeven − βodd)z = k · 2pi + pi (14b)
Assuming that the odd and even mode are in phase at the
start position of the coupling, results in a total field E1 in
the first waveguide. E1 has the same field distribution as
the HE11 mode in the first waveguide. According to (14b),
the incident field is totally coupled in the second waveguide,
when the odd and even modes are in anti-phase. From this
the coupling length Lc for complete power transfer and the
coupling coefficient can be derived [22] in (15a) and (15b).
Lc =
pi
βeven − βodd (15a)
κ =
pi
2Lc
=
βeven − βodd
2
(15b)
The propagation constants of odd and even modes were cal-
culated making use of COMSOL R©. As a perfect E boundary
condition was placed along the center of both fibers to ensure
the correct polarization. Fig. 12 shows the change in effective
index of the odd and even modes of 2 fibers in function of
the separation distance between the fibers. The inside and
outside radiuses were taken to be respectively 0.5 mm and
1 mm and the frequency is 91 GHz. As expected there is a big
difference in effective indexes between odd and even mode
when the fibers are placed close together resulting in a big
coupling coefficient. When the fibers are separated over a
larger distance the effective indices of odd and even mode
converge to the effective index of the HE11 mode of a
single fiber. Looking at Fig. 11, the distances of maximum
and minimum power transfer have shifted slightly for mode
matching theory compared to coupled mode theory. Mode
matching theory results in slightly more accurate results. The
depth of the maximum power transfer dips depends on the butt
coupling at the end of the second fiber. To ensure an accurate
8coupling length, the second fiber is diverged away from the
first fiber with a bend with a very small bending radius. The
bending radiation that occurs here is butt coupled back in to
the first fiber. As can be seen on Fig. 11 this butt coupling
has a stronger influence when the fibers are closer together. In
simulation this butt coupling can be taken into account using
a 3D solver like HFSS and the results are very alike to the
measurements but at a cost of very long simulation time.
B. Coupling between a fiber and a dielectric semi-infinite
space
The coupling between a fiber and a semi-infinite space is
an interesting case as it applies to situations where the fiber
is lying on a table or ground. A similar situation has been
studied in the field of intergraded optics, where it has been
used to couple light in or out of a slab waveguide by means
of a prism coupler [24] [25]. In this section a fiber is placed at
a separation distance w (fig 13) from a semi infinite space with
a permittivity inf . The mode in the fiber is the HE11 mode
and its polarization is parallel to the edge of the semi infinite
space. The mode in the semi-infinite space is approximated as
a plane wave. Due to the phase matching condition for optimal
coupling [26], the propagation constants of both waves should
be the same in the Z direction. As a consequence, the angle
at which the plane wave propagates away from the fiber is
different depending on the frequency of the wave and inf of
the semi-infinite space. Additionally it also alters slightly as
the fiber and semi-infinite space are brought closer together, as
the mode in the fiber will experience a change in propagation
constant due to the proximity of the semi-infinite space. All
this was taken into account in the simulation which was done
with COMSOL R©. The simulated field of a fiber with inside
radius of 0.5 mm, outside radius of 1 mm and frequency of
120 GHz can be seen in Fig. 13. The permittivity of the semi-
infinite space is 2.6 which is the same as PMMA at these
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Fig. 13. Simulated coupling between a fiber and a semi-infinite space. Top:
cross-section of total field. Bottom: Ey field along the X axis at Y = 0. The
center of the fiber is at a distance w from the edge of the semi-infinite space.
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Fig. 14. Measurement setup of the coupling between a fiber and a slab. The
S21 is measured between the 2 ports of the VNA in function of the separation
distance w. The separation distance is measured between the center of the fiber
and the edge of the slab. The slab is moved by means of a linear stage.
frequencies [16]. In the simulation environment, special care
was taken with the boundary conditions. All 4 boundaries
have an radiation boundary condition and the height of the
semi-infinite space was increased until the simulated effective
index of the super mode didn’t change anymore. a PML layer
(perfectly matched layer) was also added at the edge of the
semi-infinite space to absorb the radiating plane wave. As can
be seen in Fig. (13), the modal field of the fiber is clearly
deformed by the presence of the semi-infinite space. When
looking at the the electric field in the Y direction, one can see
the sinusoidal pattern caused by the plane wave. The distance
between two consecutive peaks is equal to the wavelength
of the plain wave in the X direction. With this and the
propagation constant of the plane wave in the slab material, the
angle at which the plane wave is propagating can be calculated
with (16). This will be later verified with measurements.
θ = cos−1
(
kx
kslab
)
(16)
where kx =
2pi
λx
kslab = ω
√
slab
√
0µ0
To test out the previously described theory, measurements
were done where a fiber was placed in the proximity of a
PMMA slab. The measurement setup can be seen in Fig. 14.
The slab had a thickness of 10 mm which should be sufficient
for the plane wave approximation as the simulations showed
little change in the results when a higher semi-infinite space
was taken. The length of the PMMA slab was 150 mm and
its width was also 150 mm. The slab itself was connected
to a linear stage and it was moved away from the fiber in
increments of 10 µm. Power was coupled into the fiber from
the VNA port by means of circular F-band horn antennas. Fig.
15 shows the measured and simulated loss of the fiber when
the slab is at a certain distance of its core. The measured
loss is converted to loss per m and its base loss is subtracted.
The simulated and measured results are very close for the
higher frequencies. For 100 GHz there is a slight discrepancy
which may suggest that the height of the PMMA slab is
not sufficiently high at that frequency and edge effects are
occurring.
As stated before, the coupled wave should propagate at a
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Fig. 15. Measurement and Simulated coupling between a fiber and a semi-
infinite space. The fiber has inside and outside radiuses of respectively 0.5mm
and 1mm. The semi-infinite space is a PMMA slab with a thickness of 10mm.
The separation distance w between the fiber and slab is defined between the
center of the fiber and the edge of the slab (see fig 13).
certain angle. If this is the case, it should be measurable. Fig.
16 shows the measurement setup for this experiment. A fiber
is excited by a VNA and placed over a short distance against a
PMMA slab. The PMMA slab is laser-cut into a quarter circle
so that all the rays leaving the fiber propagate over the same
distance in the lossy PMMA. The second port of the VNA is
place against the edge of the circle curve at a certain angle
compared to a reference line. The S21 is measured in function
of the angle. According to the theory, a peak in received power
should be seen at a specific angle. As the frequency increases,
the angle should also increase, as the propagation constant in
the fiber will also increase. Fig. 17 shows the measurement
results of this experiment. The base loss was about 20 dB and
the radius of the PMMA slab was 50 mm. For each frequency a
distinct peak can be observed which increases as the frequency
increases. Notice that the received power at the right side of
the peak is higher than the left side, due to interference effects.
In the zoomed in area the angle at which the peaks occur is
compared to the calculated angles with (16). The calculated
VNA
Hollow PTFE fiber 
SLAB
θ
Fig. 16. Measurement setup of the coupling between a fiber and a slab, where
the angle at which to coupled plane wave is measured.
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Fig. 17. Measured S21 in function of the angle at which the second VNA port
is placed. In the zoomed in region, the calculated angle at which maximum
power should occure which is indicated with the arrows, is compared to the
measured results.
angles are indicated with the arrows. The spacing between the
angles is exactly the same but there is a slight offset in absolute
angle. It is very plausible that this is due to an inaccurate
placement of angle reference in the measurement setup.
The previously described and measured coupling theory can be
used to determine the cladding thickness of a millimeter wave
dielectric fiber. In this analysis the cladding was assumed to be
air which gives the convenience of measurability. Increasing
the cladding permittivity slightly to values of common foams
(1.2-1.4) will change the values but the trends will stay the
same.
VI. CONCLUSION
The propagation of the HE11 mode has been studied rigor-
ously. Basic propagation characteristics were first investigated
through the propagation constant and this in function of
the geometry and frequency. Then properties like dispersion
and attenuation were discussed. Finally coupling of power
outside the waveguide was investigated, this for the purpose
of determinating the minimal cladding thickness which would
be needed in a practical application. The presented results can
be used in designing or selecting a hollow or solid fiber to use
in millimeter wave datacommunication systems.
APPENDIX A
PROOF OF GROUP-DELAY DEPENDENCY OF rin/λ0 AND
rout/λ0
The group-delay is defined as given in (17)
τg =
dβ
dω
=
1
2pi
dβ
df
(17)
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The purpose of this section is to prove that the group-delay
just as the effective index is a function of rin/λ0 and rout/λ0
for a constant permittivity. The effective index is defined as:
neff (V1, V2) =
β
k0
=
βc0
2pif
(18)
where V1 = rin/λ = rinf/c0
V2 = rout/λ = routf/c0
The group-delay can thus be written as:
τg =
1
2pi
dβ
df
(19a)
=
1
2pi
d(2pinefff/c0)
df
(19b)
=
1
c0
(
dneff
df
f + neff
)
(19c)
The second term (neff ) in (19c) is only dependent of V1 and
V2. The first term can be written as follows:
dneff
df
f =
(
dnneff
dV1
dV1
df
+
dnneff
dV2
dV2
df
)
f (20a)
=
(
dnneff
dV1
rin
c0
+
dnneff
dV2
rout
c0
)
f (20b)
=
(
dnneff
dV1
V1 +
dnneff
dV2
V2
)
(20c)
Seeing as (20c) is also only dependent of V1 and V2, the group-
delay is totally dependent of V1 and V2.
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